D e e

R

e

Srrmin e O e gy

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

= ro Loy N T T

WA M" IME REPORT

ORIGINALLY ISSUED
October 1944 as

Advance Restricted Report LLE3L
WIND-TUNNEL CALIBRATION AND CORRECTION PROCEDURES
FOR THREE-DIMENSIONAL MODELS

By Robert S. Swanson and Clarence L. Glllis

'

Langley Memorilal Aeronautical Laboratory
Langley Fileld, Va.

N A C A LIBRARY

LANGLEY MEMORIAL AERONAUTICAL

WASHINGTON LABORATORY
Langlev Field, Va.

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

=




- | 3 1176 01363 8649
NACA ARR No. I4EZ1 L :

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REFORT

WIND-TUNNEL CALIBRATION AND CORRECTION PROCEDURES
FOR THREE-DIMENSIONAL MODELS
By Robert S. Swanson and Clarence L. Gillis

SUMMARY

Detalled methods are presented for determining the
corrections to results from wind-tunnel tests of three-
dimenslonal models for the effects of the model-support
system, the nonuniform alr flow in the tunnel, and the
tunnel walls or Jet boundarles. The procedures for
determining the correctlons are illustrated by equations
and the required tests are dlscussed. Particular atten-
tion 1s given to the parts of the procedures dealing with
drag measuremente. Two general methods that are used
for determining and applylng the corrections to force
tests are discussed. Rome dlscussion 1s also included
of the correctlon procedures to be used for wake survey
tests. The methodes described 1n this report apply only
to tests at subcritical speeds.

INTRODUCTION

The purpose of the present report 1is to discuss
methods for determining the alr-flow conditions 1n wind
tunnels deslgned for the testing of three-dimensisnal
models and to indlcate the procedure for applying the
neceasary correctlons to the measured aerodynamic char-
acterlistlica of the model. The varlous factora that
affect the applicabllity of wind-tunnel tests to flight
have been studied for many years. (See references and
bibliography.) Recently, with the development of
cleaner alrplanes operating at high 1ift coefficlents
end of large high-speed low-turbulence wind tunnels,
the problem of determining the corrections to the
required degree of accuracy has become increasingly
acute.
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The usual practlce of predlcting the flylng qualitles
of alrplanes from wind-tunnel tests of relatively small-
scale models makes it Imperative that the model test
resulte be corrected to free-alr conditions. In addition,
the large number of wind tunnels in use makes 1t deslrable
that a more or less standard callbration end correction
procedure be adopted in order to make data from different
tunnels as nearly comparable as possible. Not much com-
prekensive Information has been published previously on
the subject of wind-tunnel calibraticn and correctlon
methods., The discussion contalred in reference 1 1s
probabhly the best Information to date. A dlscussion 1is
given 1n the present report of the methods in use at the
present time for calibrating a wind tunnel and determining
the correctlions to be applled to the measured model data.
Some refinements to the usual procedures are suggested
wlth speclal attentlon to those parts of the procedure
that effect the drag measurements. The use of large
models 1n order to more nearly approach the Reynolds
numbers oshtained in flight has Ilrcreased the magnitude
and thus the importance »f tne Jet-boundary corrections.
A detalled discussion of Jet-boundary corrections is
not given hereln, however, becauvse thles subject, except
for the effects of compressibility, has been treated
rather thorourshly in previous publications. (See refer-
ences 2 to 12.)

All the following discussion applles only to tests
made at subcritical sreeds and for arrangements glving
falrly low restriction effects, The dlscussion 1s also
limited to three-dimenslonal-model terts. The procedures
described comprise only the part of the tunnel-testing
technlque concerned with determlning the correctlons to
the model data necessltated by the dlfferences between
the alr-flow concitions In the tunnel and those in an
unlimited wniform alr stream with the same Reynolds
number, Mach nurmber, turbulencs, anc other factors.

For purposes of simplliclty, only three components -~ 1lift,
drag, end plitchlng moment - are considered in mecst of

the discussion. Corrections to the other thres components
may be derived by procedures similar to those given herein.
During the converslon of the data to final form, 1t will
usually be necessary to apply some corrections for the
deflections of the balance system and to transfer the
forces and moments to other sets of axes but, since these
correctlions are essentlally geometrlc and not aerodynamlc
rroblems, they are not dealt with 1in this report.
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SYMBOLS
Ct, 11ft coefficient _
cy ~ #ection 1ift coefficlent
L 11ft
section.1lift
Cp drag coefficient
;. Cp, profile-dreg coefficient
Ca, section proflle-drag coefficient
D drag
section drag
3 Cxr resultant-force coefflclent
Cm rlitching-moment coefficlent
Cy rolling-moment coefficient
Cn vawing-moment coefficlent
Cy lateral-force coefficlent
K drag correction at zero 1lift
Fo compressibllity factor
H total pressure
M Mach number
R gas constant
A cross-sectional area of bocdy
» AY crose-sectional area of test section of tunnel
‘ v free-atream velocity

v volume of body
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effective volume of body for static~pressure-
gradlient corrections (denoted by A' in
references 2 and 3)

wing area

wilng span

®*ir.g chord

spanwice d4lstance from center of tunnel

angle of Incldence of horizontal tall surface

ahsolute stagnation temperature at low-speed
sectlon of tunnel

absolute temperature at test section of tunnel
etatic-orlifice pressure difference

static pressure

dynamic pressure

engle of attack

alr denslty

arngle used in derivation of alinement-angle
-1 °rg
CL

ratlo of specific hsat at constant pressure to
apecific heat at constant volume

correction (B3 = tan

alinement angle, degrees (angle between air-
stream direction and drag axls of balance
system)

change in allnement angle

ratio of Ilncrement of dynamic pressure to clear-
tunnel dynamic pressure
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Subscripts

In-alinement-angle équations:

In tare

1

2 O 13 =2 &

I

scale reading

erect-model teast

Invertec-model test

average

welghted according to span-load distribution
equations:

test of model on tare support

test of model on tare support wlth dummy support
in place

test of model on norral support
model

tare support

dummy support

normal supvort

interferencs

Combinations of these conditions (MT, MD, etc.) are also

used as

subscripts in the tare equations.

The NACA standard system of wlnd axes 1s used for
all equations.

GENERAL DISCUSSION

Basle Corrections Necessary

Before the results of wind-tunnel tests on a model

can be used to predict the flying qualities of an alr-
plane, corrections to the measured aerodynamic character-
1stics must be determined to account for the effects of

L
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the model-support system, the nonuniform air-flow condi-
tions in the tunnel, and the tunnel walls or Jet bounda-
ries. :

Tares.- The corrections for the effects of the
model-support system are usually determined in the form
of increments of forces and moments or the corresponding
coefflclents and are celled tares. The tares are com-
posed of the direct alr forces on the support system
plus the mutual interference between the support system
and the model. It could be expected, therefore, that
the tares would be greatly dependent on the sglize and
shape of supports, the configuration of the model, and
the point of attachment of the supports to the model.
The relatlvely great effect of the model configuration
on the tares 1s illustrated in figure 1, which presents
some tare values measured in the Langley 7- by 10-foot
tunnel for two different models under ceveral test con-
ditions.

Because of thelr dependence upon the support and
model configuration, the tares should be determined
experimentally for each model. The tare tests should
be made with the complete model including tall surfaces.
This condition 1s necessary because the tall of the
model mey pars Iinto or out of a region of reduced
veloclty behind the support struts as the model 1=
pltched or vawed and may thus affect the pltching
moments and yawlng moments. The tares should be deter-
mined for all test condltlione to bhe encountered, such
as the condltions with the flap neutral and deflected,
with the model yawed, with several power condltione,
and with any model modificatlon that might affect the
tares., Thls requirement 1s particularly Important when
accurate drag measurements are deslred because, as 1ndl-
cated in figure 1, the drag tarses may often be greater
than the drag of the alrfoll,

Nonuniform air-flow conditions.- The nonuniformi-
ties 1n the alr stream may be thought of as belonging
In the three followlng categories:

(1) A change in the average airspeed along the
longitudinal axis of the tunnel

(2) A variation in airspeed over a plans perpen-
dicular to the longitudinal axis
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(3) A variation in the air-flow angle in the
region occupled by the model

. The _change in the average alrspeed along the

‘axis of the tunnel 1s caused by any actual or effec-

tive cenvergence or divergence of the alr stream.

Thls change in veloclty along the axis of the tunnel
causes a varlatlon in the stetlc pressure and a correc-
tion must be applied to the drag to account for the
buoyancy effect of any such static-pressure gradient.
For an open-throat tunnel the possibility of having a
diverging or converging alr stream is obvious. For a
closed-throat tunnel the formatlon of a boundary layer
along the walls of the test sectlion changes the effec-
tive shape of the tunnel. Closed-=throat tunnels are
usually designed with a slightly divergent test sectlion
to counteract this effect but in any case the static-~
pressure gradlent must be measured. The tunnel leakage
conditions can have a very marked effect on the static-
pressure gradlent (references 2 and Z) because a leak
in the tunnel changes lts effectlive shape. All holes in
the tunnel walls of the test sectlion should therefore
be sealed. If sealing 1s not possible, the amount of
leakage should be malntalned as nearly constant as pos-
sible.

The alrspeed generally varies slightly from point
to point 1n a plane perpendlicular to the tunnel axls.
The usual procedure for correcting the test results for
thls varlatlion 1n veloclity 1s to use the average value
of the dynamlc pressure over the space occupled by the
model in computing the model coefficlents.

The deviation of the direction of the air veloclty
from the drag axls of the balance system over the
region occupied by the model has a conslderable effect
on the measured model characterlistics, particularly on
the drag. Lift and drag are deflined as the forces
parallel and perpendlcular, respectively, to the alr-
stream direction. If the average alinement angle € 1s
not zero, the 1lift and drag forces measured by tlre
balance system will not be the true 1ift and drag as
may easlly be seen from the following derivatlon:

CL= CR co8 (B + E)

= Cg (cos B cos € = 8in B sin ¢)
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Inasmuch as € 1s a small angle, cos € » 1.0 and
8ln e =-5$13c Therefore,

Cr, = Cg cos B = 5#%3 Cgr 8in B
_ €
= CI'S - . CDS (1)
Simllarly,

Cp = Cg sin (p + ¢)

= Cr (#in B cos € + cos B =in €)

Cr 8in g + 3#%3 Cr cos B

— €
= CDS + 5w CLS (2)

{f e

This derivation ma7 be applled to either the erect-model
or Inverted-model condition as Indicated in figure 2.

Because tle allinement angle is small and becaure the
1ift 18 generally many times greater than the drag, the
117t 18 not appreclably affected by the allnement angle
and 18 consldered correct as read, lnsofer as the alilne-
ment anrle 1s concerred. The drag, however, 1s appre-~
ciably alfected and & correction rmst be applied as 1s
explained in detall in the section entitled "Alinement-
Angle Corrections."™ The angle of attacik must also te
corrected by the amount of the average allnement angle
and, 1f there i1g a difference 1n the measured alinement
anfgle at ths wing and at the usual locatlon of the tall
surfaces, a correction to the model trim (pltching-
morent) condition must be made.

Jet-boundary correctiona.- The tunnel walls, or
Jet boundarlies, place certaln restrictions on the air
flow around the model and thus cause a change in the
dlrection and curvature of the alr stream and a change
In the airspsed at the model. The amount of the
restriction ia, of coursc, dependent on the cross-
sectional shape of the tunrel, the model configuration,
the relative slzes of the model and the tunnel, and the
position and attitude of the model in the tunnel. For
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a closed~throat tunnel the effect of the tunnel walls is
generally to 1limlt the downwash around the model and
thus to cause an effective upward deflection and an
upward curvature of the alr stream. A dlsplacement
blocking occurs because the rigid walls also prohlbit
the expansion of the alr stream as 1t passes around the
model and, as the alr 1s constrained to a smaller cross-
gectlonal area, the velocity correspondingly increases.
This Increase 1n the veloclty 1s generally considered
separately. For an open-throat tunnel a physical
Interpretation of the Jjet-boundary effects may be
obtained by consldering that the mass of moving air
which 1s affected by the model is not so large as the
mass which would be affected 1f the model were in an
unlimited air stream. The alr stream thus undergoes a
greater deflection and curvature and a greater expansion
in passling over the model than 1t would experience 1if it
were of Infinlte extent. The effect of the jet bounda-
ries for an open-throat tunnel 13 therefore generally
of opposlte sign from the effect of the tunnel walls

for a closed-threat tunnel.

The subject of jJet-boundary Interference has been
rather extensively Investigated for all types of wind
tunnels in common use. (See references 2 to 13 and
biblliography.) Since Jet-boundary interference 1s
discussed adequately in many reports, any further dls-
cussion in this paper ls deemed unnecessary. In
table I are listed the various reports from which
numerical values of the different corrections for a
number of model-tunnel arrangements may be obtalned.

For those cazes in which the same Information is repeated
in several reports, only one of the reports is listed.
Detalled 1llustrative examples of the methods of calcu-
latling jet-boundary corrections are given 1n references 9
and 10.

The information on blocklng corrections for sym-
metrical bodies presented 1n reference 2 1ls a summary
of the best data avallable. A dlscussion of the use of
the electric tank for determlnatlion of blocking correc-
tlons for three-dimensional nonlifting bodles ls glven
In reference 14, An approximate rule for estimating
the blocking corrections for a l1lifting wing Iin closed-
throat tunnels 1ls to multiply tﬁe indicated dynamlc
preesure by the quantity Ziv Where A/A' 1is the

fraction of the cross-sectional area of the tunnel
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blocked off by.the model. This simple empirical factor
was derived from the results of unpublished tests to
determine the blocking correctlon for the 1lift of two-
dimenslonal-flow models as well as from results of a
few tests to determlne the correctlions for three-
dimenslonal wlngs. It should be noted that the data on
hlocking corrections for symmetrical bodles given in
reference 2 indlicate that the correction varles as the
square of the area blocked off, whereas the experimental
data on 1ifting wings Indlcate that the correction
varies linearly as the area blocked off. The numerical
values are roughly the same, however, for the usual
roderaete-size models. The simple rule for estimating
the correction is falrly accurate for aerodynamically
clean bodles =such as plain wings. For bluff bodles or
bodles of any other form that creates a large wake,
such as a wing with a split flap, an additlonal correc-
tlon due to the static-pressure gradient generated by
the wake should be made as outlined in reference 2.
This additional correctlion 1s in good agreement with
the experlimentally determined additlonal correction
obtained from the tests with split flaps deflected.

The calculatlons of reference 2 indicate that for
an open-throat tunnel the change in dynamlic pressure
caused by blocking effect for an aerodynamically clean
body 1a of the opposite sign and much smaller 1n magni-
tude than that for a closed-throat tunnel. The addl-
tional correction for the blocking effect caused by the
wake statlc-preesure gradient of a bluff body 1s essen-
tially zero 1n an open-throat tunnel.

Criterions of Similitude

The crlterions of similitude that are of primary
importance to wind-tunnel testing are the alir-stream
turbulence, the Reynolds number, and the Mach number.
It 1s rarely possible to satisfy these three criterions
ginultaneously on the model., The usual procedure 1s to
attempt to =atisfy one or two. of the criterions
that would be expected to have the greatest effect for
the testsz under consideration.

Turbulence 1s defined ars a rapld varlation in
veloclity at a polnt with time. Although the qualitative
effects of turbulence are falrly well known, the theory
and data avallable are not sufficient to permit the
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determination of satilsfactory corrections. For any tummel,
however, the numerlcal value of the turbulence should be
kmown in order to facllitate a comparison of the data with
data from other wind tunnels or from flight tests or to
study further the turbulence effects. The Reynolds number
end Mach number are also quantitles for which no completely
satisfactory methods of correction have been devised.

For purposes of comparison with other data, thelr values
should be known, however, and specified for all model
tests for which they are likely to have an effect. Because
the support system causes local changes in the alir flow,
1t may be deslirable for some tests, in which Mach number
effects are especlally critlical, to specify not only the
average Mach number of the alr flow but also the local
Mach numbers near the supports.

Correction Methods

The successful application of corrections to wind-
tunnel data 1s dependent on the tipe of tunnel used for
testing. Two methods are avallable for general use and
for convenience are designated herein method A and method B.
Method A, which 1s based on a clear-~tunnel alr-flow survey,
1s more straightforward and is belleved to be more accurate
than method B, which 1ls based on a survey with the model
support struts 1n place. The main emphasls of the dlscus-

silon contalned hereln is therefore placed on method A.
Method B 1s recommended only for use in large open tunnels
in which mechanical difflcultles assoclated with mounting
exact=-image supports above the.model for tare and allne-
ment estimatlions become excessive,

Method A.- This method is based on an alr-flow
survey with no model or supports in the tunnel (to be
called the clear-tunnel survey) and the tares are deter-
mined in such a way as to include all the effects caused
by the support struts or wires. The tares are ordinarily
the first corrections to be appllied to the measured data.
If the tares are defined as the total effect of the
support system, thelr subtractlon from the measured data
leaves the data in a condltlon representing the model
in the tunnel with no support system. The effect of the
dynamic-pressure change caused by the presence of the
supports having been accounted for, the dynamlc pressure
to be used in computing the coeffliclents is that obtalned
from the clear-tunnel alr-flow survey. The next correc-
tions to be applied are the corrections to the angle of
attack and drag to account for the alinement angle and
the static-pressure gradlent, elso determined from the
clear-tunnel survey. The data are now corrected for the



12 NACA ARR No. I4E31

effects of the support system and the nonuniformities

in the alr stream. If the Jet-boundary correctlons are
appllied along with the blocklng correctlons, the data
then represent the model in an unlimited uniform air
stream. Although, properly speaking, the blockling cor-
rectlon 18 an effect caused by the presence of the
tunnel walles or Jet boundarles, 1t 1s most easlly
applled in the second step simply as a correctlon to the
value of g used 1ln computing the coefficlents. One
variation from thls procedure, which i1s sometimes used,
is to apply the Jet-boundary corrections before thre

tare correctlons. The tares must then be corrected for
Jet-boundary interference. The difference in the
results from the two methods willl generally be neglligible.
In this report the tares wlll be determined so that they
may be applied first.

Method B.- As has besn previously noted, method B
is based on an air-flow survey with the support struts
in place. The tares determined by use of this method
include any effects of the support system that have not
been accounted for in the alr-flow survey. If the baslc
alr-flow survey l1s made with the supports In place, the
effect of the supports 1n causling changes ln dynamic
pressure and alr-flow anguiarlty has been accounted for.
The tares for thla system should then lnclude only the
alr forces on the expnsed parts of the support system
plus the effects of the model on the suvpports. The
procedure for determining the tares by thls method is
different from that of method A. After the tares have
been applied, the coefficlents are computed with a
dynamic-pressure value for the supports in place. The
correction procedure from this polnt on is the same for
method B as for method A.

Wake-Shadow Effects

Some additional effects that should be accounted
for in both correctlon methods are those caused by the
"wake shadow." The wake shadow 1s defined as the loss
in total pressure and dynamlec pressure and the possible
changes 1n alr-flow angle, static pressure, and turbu-
lence that occur when the wake of the model is carried
around the return passages of the tunnel wlthout being
diffused or dissipated. The change in q caused by the
wake 1s called wake blocking. The effect of waeke block-
ing on the model may be taken care of by applylng a
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correction to the value of g used for computing the
coefficients.

At present no satisfactory method of measuring the
changes on alr-flow angle and statlc-pressure gradlent
caused by wake shadow has heen developed and tried
experimentally. If, therefore, any difficulties
resulting from wake shadow are found to exist in a wind
tunnel, the best procedure probably would be to.modify
the tunnel by adding screens or diffuser vanes in such
a way that the wake rhadow would be eliminated.

The wake shadow nesd not necessarlly pass directly
over the model to causre large serrors. For example, 1if
the wake 1n traveling around the return.passages 1is
deflected well below the mcdel, it wlll pass near the
static orifices (used to indicate the dynamic pressure)
on the floor of the tunnel. If the statlc orifices
on the roof anda floor are not connected symmetrically,
the resulting air flow through the connecting tubes
will then ¢lilve erronesus 1lndications of the dynamile
presrure. It micht be noted that 1f the difference in
alr pressure hetween the orifices 1s large, the alr flow
through the tubes may be turbulent instead of laminar
and the 1ndicated dyrnamlc pressurse willl be erroneous
even though the orifices are connecteé syrmetrically.

Incorrect deslgn of the gulde vanes, the tunnel
propeller and nacelle, or the return passages may
result In very lrregvlar or pulsating alr-flow condl-
tions., In particulsar, introducing the model in the
wind tunnel or changing the model attitude may cause
air-flow separation somewhere in the return passagers
and change appreciably the alr-flow condltions. Although
this conditlon 1s not properly a form of wake shadow, 1t
1s detected and corrected for in much the same manner as
wake shadow,

DETAILED CALIBRATION AND CORRECTION METEODS
Callbration
Alr-flow surveys.- The first step in the callbration
procedure 1s the measurement of the air-flow conditions

In the tunnel with the model removed. For correctlon
method A outlined in the preceding section, the support
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strute must also be removed from the tunnel. For correc-
tion method B, the support struts must remain 1n the
tunnel. The first source of 1lnaccuracy of the second
system may be mentioned here, It 1s difflicult to measure
the dynamic pressure near and at the support system
because, in practice, part of the support system 1s
enclosed in the model and any changes 1n veloclty caused
by these otherwlse enclosed parts are thus errors.

The air-flow surveys should be made over a plane
perpendicular to the &lr stream at the positlon to be
occupled by the wing of a model to be tested. Usually
this position 1= at, or very near, the support-strut
location. The survey should be made at various polnts
on a line across the tunnel at several helghts to cover
all possible model variatlons. This original tunnel
survey should be made rather accurately and completely.
Unless some alterations are made to the tunnel or unless
some change 1n the alr-flow conditlons has been 1ndl-
cated, only occaslonal check surveys wlll be necessary.

The measurements over thls survey plane may be made
with a combined pitch, yaw, and pltot-static tube and
wlth manometers measuring total pressvre, s=statlc pres-
sure, and air-flow angularity with respect to the drag
axis of the balance system. Some detalls on the con-
struction and use of there instruments can be found in
references 6, 15, and 16. The measurements are made
for a constant reading h on the manometer connecting
the two sets of static orifices. Thecse oriflces are
static-pressure holes set lnto the walls of the tunnel
at two sectlons upstream of the model. The difference
in pressure between the two sets of orifices 1s a
function of the dynamic pressure. The statlc orifilces
at each section should be connected in a symmetrical
manner to minimize the effect on the pressure readings
of any flow between the orifices caused by the model
pressure field or by a wake shadow. From the total
pressure and statlc pressure measured at each point in
the survey plane, the lmpact pressure may be obtalned.
The measurenents should be repeated several times to
improve the accuracy.

The accurate measurement of the alr-flow angularity
(or alinement angle) wilth the yaw head 1s probably the
most difficult part of the tunnel calibration. Most
yaw heads cannot be expected to measure angles to a
greater accuracy than 0.25° (reference 15). An error
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in the alinement angle of 0.25° will cause an error in
the drag results of 0.0044Cy, which 1s excessive. The

alinement angle at each section may be determined some-

. what more accurately by use of a falred curve through a

great many Ebints obtalned by repeating the tests. The
ifficulty in obtaining more accurate readings is probably
caused meinly by the lack of sufficlent rigidity in the
mounting support for the yaw head and by the errors made
in measurling the initlal setting. The support should
therefore be desligned with the greatest care; a support
spanning the tunnel rather than a cantilever support should
be used. BErect and inverted yaw-head teets wlith the same
mounting system are desirable. Because of the relatively
lar%e inaccuracy of the yaw-head measurements, the aline-
ment angles are generally determined from actual model
tests, as is shown later in the section “Alinement-Angle
Corrections.' The alinement angles measured by the yaw
head may stlll be of value, however, 1f the variation in
angularity across the tunnel is greater than the accuracy
of measurement. The yaw-head measurements may be adjusted
to agree with the average alinement angle as determined
from the model tests and the resulting variation may be
used to compute the alinement angle for each model, as
will be shown 1n detall.

The statlc pressure must be measured at & number of
points along the longitudlnal axls of the tunnel over
enough dlstance to include the complete length of any
model likely to be tested. If the static pressure 1s not
constant, a buoyancy correction to the drag will be neces-
sari. The measurements of the statlc-pressure gradient
must be made very carefully. Rather long static-pressure
tubes have been found most satlsfactory for thls work. 1In
any case, the static-pressure tube must be carefully
calibrated.

The alinement angles should be measured at various
locations behind the survey plane to determine any change
in allnement angle behind the wing that wlll necessitate s
correction to the pitching moment as mentlioned prevliously.

Turbulence measurement.- Although correctlons are
usually not appllied for alr-stream turbulence, the value
of the turbulence should be known and can be measured
when the tunnel surveys are made. The turbulence of the
wind tunnel may be determined by sphere tests, described
In reference 17, provided the tunnel 1s at least mod-
erately turbulent. If the tunnel is a low-turbulence wind
tunnel, 1t will be necessary to use hot-wire-anemometer
equipment (reference 18) to determine the turbulence
level of the alr stream. The measurements should be
checked with several lnstruments and should be made at




16 NACA ARR No. IAE31l

several tunnel alrspeeds because thé increased tunnel
and motor vibratlons that accompang a rise in tunnel
speed often appreciably increase the turbulence.

For an extremely low-turbulence tunnel wlth con-
ditions approachi free-alr condltions, the hot-wire
method becomeg lnadequate because varlous disturbing
influences, such as the vibration of the wire, cause
readings to be higher than those caused by turbulence.
Comparative turbulence measurements in such cases may
be estimated from tests of low-drag airfolls that are
very sensgltlive to changes in turbulence.

Corrections

Once the tunnel callbratlons are completed, the
sgecific correctlons affecting the aerodynamic coeffl-
clents may be computed.

Dynemic~-pressure factor.- In order to determine
the dynamlc-pressure factor, the value of q measured
at each point on the surve¥ plane 1s divided by the
static-orifice pressure dirference h and the values

of % h are plotted against z the distance across
the tunnel in a spanwlse direc fon. A curve drawn
through the points gilves thcec dynamlec-pressure varlation
across the tunnel. The dynaric pressure for &ny pglven
model test 1s then equal to the static-orifice pressure
difference as observed durlng the test times the average
velue of h sacross the model span. A mechenlcal
Integratlion of the q/h curve can then be made across

the model span. Thus,

b/2
q = %~[‘ % dy . (3)

b/2

If the spanwise variation of q/h 1s large, how-
ever, the values of h should be welghted according
to wi chord for tapered wlng models to glve a better

approximation.

N b/2 '

q = gf (a/n)c dy (4)
-b/2

In order to determline the exact g, 1t would be
necessary to weight the g/h variation according ‘e
to the spanwlse 11ft distribution for the 1ift calcu- 3
lations and according to the spanwlse drag dlstributlon

for the drag calculations. This procedure obviously L
Iinvolves an excesslve amount of work wilth only a small
increase in accuracy over that of equation (4?.
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If the method of tunnsl operation is such that it 1is
possible to maintein a given h during a test run,
this procedure may be reversed and the value of h to

" be used can be calculated for any desired gq. Curves

mey be plotted of q sagalnst h as found from equa-
tion (4§ for a wide range of model spans and plan forms
and the density of the manometer liquid should be taken
Into account.  Use of these curves willl save time, as
they make 1t unnecessary to compute q or h for each
test or each test point.

Corrections to the value of q for the effects of
wake blocking and displacement blocking must be made if
these effects are found to be apprecliable. These cor-
rections depend upon the model confliguration, however,
and are thus not concerned with the clear-tunnel call-
bration.

At speeds in the compressible range, the lmpact
pressure H - p, determined from the alr-flow surveys,
ls larger than the true value of q. The corrected
qa may be found from the relation

?r'?‘:s:r}z (5)

where

Fo=1+7M +0out+ ... (6)

In high-speed testling, the Mach number is of primary
Importance and should be known for all tests. The Mach
number may be obtalned from the equation

y-1
M2 = §1Q ;_)*-1 o
L d - '-Tfja

If the true velocity is desired for use in computing the
Reynolds number or' the advance-~dliameter ratioc for powser
or propellen tests, the air density during the test
must be known. "In order to calculate thls density, it
1s necessary to know the temperature of the air in the
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test section. The usual method 1s to measure the tem-
perature at the low-speed section ahead of the entrance
cone and to calculate the test-sectlon temperature from
the equation

- y=1
-T5=( - I—*—ﬁ-ﬂ)“’ (8)

The correct denslty ls then

- \/ '
o=} 3 (- Eg2) ®

As the correct value of both q and p are now known,
the veloclty can be calculated. “The veloclty may also
be computed from the formula

V= M/ AT, (10)

If the model 1s large and near the statlec orifices,
a further correction to q may be necessary to account
for the influence of the model pressure fileld on the
statlc pressure at the orifices. The correction may
be calculated with satlsfactory accuracy from the known
flelds of flow around alrfolls and streamline bodles in
wind tunnels and is generally falrly small.

Alinement-angle correctlons.- The alinement angle,
obtalned from the yaw-head surveys, is used in cor-
recting the angle of attack and the drag. The angle
used must be obtalned from an integration (mathematical
or experimental) across the model span. As mentloned
previously, however, the angles obtalned from the yaw-
head surveys ars usually not accurate enough for use
when preclse drag results ere deslred. For example,
consider a low-drag airfoll with a design 1ift coeffi-
clent of 0.4. An alinement-angle error of 0.1 causes
an error of 00007 1n the minimum drag coefficient. A
more accurate allnement-angle correctlon, which may be




NACA ARR No. I4EZ1 19

used only with correction method A, however, 1s usually
determined from two tests on a model wing. One test is-
made with the model mounted erect and the other test
""Wwlth the model inverted. ' From figure 2(a) and the deri-
vation of equation (2), the correct drag coefficient

for the erect model 1ls

€
CD = CDSE + CLSE B7.3 (11)

The signs of all coefficients and angles are taken with
respect to the tunnel. For the inverted model (fig. 2(b)),
the correct drag coefficient is

-— €
Cp = Opg_ *+ Crg. 57,3 (12)

If all other effects have been accounted for except the
alinement angle, the two drag coefflclents rmst be equal
at a given 1ift coefficilent

€

- €
CDS + CLS 5.3 = Cp, + cLS 7.5
1 1 E

B

but, according to the slgn convention,
c = =C

Thus,

Opg_ - Opg_ .
€ = I 57.3 (13)
2CLS
B

The difference in drag between the value for the
model erect and the model inverted 1s then plotted
against 11ft coefficlent and the slope of a straight
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line falired through the points is multiplied by 57.3/2

to obtain the average allnement angle in degrees. The
accuracy of thls procedure depends upon the fact that

all other effects have been correctly accounted for. It
1s necessary therefore to account for the tares with the
utmost precision. In order to avold actually determining
and applying the tare corrections, however, the tests for
both the erect and 1lnverted models are made with an exact
set of Iirage supportes (fig. 23) mounted on the opposite
slde of the wilng from the normal supports. Ths tares are
thus automatically accounted for by this test procedure.
It 1s also very Impcrtant that the leakage effectes around
the support strut or falring bte exsctly reproduced in

the durmles. Tests in two different wind tunnels have
shown errors of as much as 0.28 In the allnement angle
due to Incorrect leakage revroductlon. The average aline-
ment angle determined In this way will be welghted
according to the spanwlse load dlstributlion as can be seen
from the following derivatlon:

At eny section

Ad = le

Echq d‘y

The total-drag correction 1s then

b/2
AD =f €cycq Ay

-b/2
1 v/2
ACp = 38 €c;cq dy (14)
-b/2

This correction 1ls applied to the wind-tunnel data 1n
the form

ACp = €gy O, + K (15)
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where K 1s the drag correction at zero lift and willl

- _be zero 1f the wing has no aerodynamic twist and the

"varlatioh of € across the span is not -great- enough to:
result in an effective aerodynamlc twist. If the
alinement angle varies appreciably across the model
span, the average value willl thus be different for dif-
ferent wing conflgurations. . For this reason, alinement-
angle tests are frequently made individually for each
model tested. It 1s believed that the extra time
required with thils procedure 1ls unnecessary and that the
accuracy may be increased 1f a little more time and care
are taken in the origlnal tunnel callbration to determine
the allnement angle for different wing configurations.
Several wings, of different spans and plan forms and
preferably with transitlion flxed by means of transition
strips, ehould be tested with and without partial-span
flaps 1n order to determine the alinement-angle varia-
tion with wing configuration. Because the drag coeffi-
cients are compared at a constant 1ift for the erect and
inverted model, the airfoil section used will have no
effect on the results, unless the airfoll drag 1s
unusually sensitive to transitlon, surface roughness,
and so forth., In this case, much more care 1s required
In the tests.

The alinement-angle measurements made with the yaw
head may now be checked by the use of €av as deter-
w
mined from the force tests; that 1s, by use of the span
load distribution for the wings tested and the allnement-
angle distributions from the yaw-head surveys, €avy

may be calculated from equations (14) and (15). If the
yaw-head determinations are correct, the calculated
values of ‘avw will agree wlth the force-test results

within the requlired accuracy. If they do not, the values
of € at each point as determined from the yaw head may
be ralsed or lowered slightly until the calculated and
measured values of €av, 8gree. Thls procedure 1s of

use only when the varlation of ¢ from point to point
across the tunnel is greater than the accuracy of the
yaw-head readings. In such cases the yaw head will
generally glve a smaller percentage error 1ln the varla-
tion from point to point than in the absolute value at
each point.
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The alinement angle to be used for correcting the
angle of attack is not quite the same as that to be used
to correct the drag because different methods of averaging
the alirement angles should be uged for the 1ift and -
for the drag. The error 1n using €avy 28 the angle~

of-attack correction 1s usuelly small, however, so that
the samre angle may generally be used for correcting the
angle of attack as 1s used for the drag.

For the correction method B, the allnement angle
to be used should be that with the supports 1n the
turnel., It 1s customary to use the allnement angles
measured by the yaw head. In case accurate drag meas-
urements are deslred at moderate or high 1lift coeffi-
clents, this procedure wlll probably not be sufficlently
accurate, A partlal over-all check on the flnal accuracy
of this second procedure may be obtalned by comparing
the final fully corrected data obtalned from erect- and
inverted-model tests of symmetrical wing models.

If any difference exists 1n the measured alinement
engles at the poslitisn of the wing and the tall, a cor-
rection must be made to the pltching moments of the model.
Thus,

dac

_ m
AC,, = Ae aT, (186)
ac.,
where EE; wlll depend upon the model configuration,

attitude, power condlition, and so forth.

If the alinement-angle varlation 1s not symmetrical
about the tunnel center line, small rolling and yawing
moments will result and may be used as additional condi-
tions to be satliefied. The rolling- and yawlng-moment
cerrectlions are usually rather small and >f the came
silgn for the erect-model and the lnverted-model tests,
however, and thus are difficult to distinguieh from the
effects of asymmetry of the model.

The method of determining the weighted alinement
angle from force tests at large values of Mach number
below the critlcal =peed 1s essentlally the same as at
small values of Mach number, although extra care 1is
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required to minimize interference effecta. At Mach
numbers at which the supports or parts of the model
near the supports have reached a-critical speed, the
difflcultlies and uncertainties in obtaining tares
become excessive. No satisfactory technique for
obtaining support tares at supercritical speeds has
yet been developed.

Buoyancy correction.- An extensive theoretical
investigation of the effects of a statlic-pressure
gradient will be found 1n references 2 and 3. Most
closed-throat wind tunnels are so designed that the
static pressure 1n the region to be occupied by a model
is constant and no correction is required. If a
gradient does exist, the drag correction 1s proportional
to the product of the gradlent and the effective volume
of the body, and the proportionality factor depends on
the shape of the body. A good approximation to the cor-
rection for a three-dimensional body may be found from
the equatlon

_ 1 T.E. d
ACp = qq A'd"_g dx (17)
L.E.

A closer approximation may be found by multiplying the
correction as found from this equation by v'/v where
the effective volume v'! 1s found by the methods pre-
sented i1n references 2 and 3.

Tares for correction method A.- The method of
determInIng the tares will depend mainly upon the
physlcal limitations of the tunnel. In fact, it 1s the
limitatlions imposed by the tunnel on the method of meas-
uring tares that determine whether correction method A
or B can be used. In the following discussion the
supports on which.the model 1s mounted for the normal
test runs are called the normal supports and the supe
ports on which the model 1s mounted for tare tests are
called tare supports. In the usual procedure for tests,
the model 1s mounted on the tare supports and two tests
are run - one with dummy supports (representing the
normal supports) in place and one with the dummy sup-
ports removed. The difference in the measured data
between these two tests is then taken to be equal to
the tare.
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Two posslble ways ars avallabls for running the
tests. The rmodel may be mounted in the normal position
on an suxllliary tare-support system constructed to
measure all forces and momsents; one test may be run
with the normel supports or dummy supports (exact
Images of the normal supports) in place and another with
the normal supports or dummies removed. Another method
1s to mount the model Inverted on an auxlliary tare
support or on tihe normal supports, which then become the
tare suvpports for the tsre teasts, with dummy supports
connected to the model for one test and removed for the
second test.

A basis for the discussion of tare-test procedure
wlll be provided by some geuneral tare equatlions repre-
senting correction method A with all tests run wlth the
model In the normal posltlon. The derivation 1ls some-
what arbltrary, especlially wlth respect to the inter-~
ference terms. The maln »urpose of the equations,
however, 1s to show the lnaccuracies and approximatlons
Involved 1n the ucual tare determlnations and to indi-
cete methods cof !mproving the accuracy. For thls purpose
any of several ways of wrlting the equations will give
the same resulte,

The symbols L and D refer to the equivalent
clear-tunnel 1ift and drag; that is, Ly(1 + 6p) 1s

the 11ft of the model mounted on the tare supports.
All the forces are reduced to coefflclent form and a
clear-tunnel q is used for simplicity and clarity in
the derlvatlon ard subsequent discussion. Tt wlll be
shown that the accuracy of the tare determinatlons may
be improved by some modiflcations to this procedure.
In the derlvatlion presented, only the equatlions for the
drag coefflclent are shown.

The derivatlions of the equatiocnse for the 1ift and
pltching-moment coefficlents are similar to the deriva-
tion of the equation for the drag coefficlent. The
equatlon for the 11ft coefficient wlll be the same as
thet for the drag coefflclent except that 'Cr and Cp

are Interchanged and the sligns of the alinement-angle
terms are reversed. The alinement-angle terms are
neglligible, however, ln the lift-coefficlent equation.
The pltching-moment-roeffliclent equation will have the
seme form as the drag-coefficlent equation without the
alinement-angle terms.



St 4t

NACA ARR No. I4E31 . 26

For the derivatlon, the model 1s assumed to be’
mounted in the normal erect position with the tare and
dummy supporte located on the same surface of the model

" (fig. 4). For actual test work the tare-support system

shown in figure 4(Db) maz not be satisfactory because the
Interference.effectas between the tare and dqummy supports
may be excesslve. The effect of the interference will

be shown by the equations. The tare-support system shown
18 used for 1llustration, however, because it gives
slmpler equations than for the case of the inveérted model.
The changes 1n the equations.required for the case of the
Inverted model (fig. 5) will be indicated later. The
signs of all forces anf angles are taken with respect to
the tunnel rather than the del axes. From tests of the
model alone on tare supportm?fig. 4(a)),

CpySq = Dy(1 + 8p) + Dp(1l + by) + Dryp - (€ + Aep)Cr;Sq

where
CDlsq drag scale reading, pounds
CLlsq 1lift scale reading, pounds

DM(l + GT) model drag 1in presence of tare supports
but not including changes 1n alir-flow
angularity, transition, and so forth,
caused by tare support

DT(l + GM) tare-support drag in prescence of. model but
not inzluding changes 1n alr-flow angularity,
trarsition, and so forth, caused by model

Dt ' interference drag of both model and tare
MT supports resulting from mutual changes in
alr-flow angularity, trarsition, and so
forth. (Note that the word “interference®
is used here to dencte any effects obtained
In addition to the sum of the affects
obtained from the separate parts.)

Then,

_Du( + o) Dp(1+ ey Png

Cpy 5q 5 Sq - (e-+AeT)CL1 (18)

From tests of model on tare support with dummy support
or normal support in place (fig. 4(b)),
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o = D1 + 8p) (2 + 5p) +DT(1+ 5y) (1 + 8p)
Dg ~ Sq Sq

. Dp(1+ &) (1 +6y)  DPrp(1+ op)
Sq Sq

DIMT(I + 6p) DITD<1 + By)
Q

+ +
Sq 2q

- CL2(€ + Aep + AED)' (19)

The tare 1s taken as ACDP”CDZ - ch
-7

aCpy=Cpy [(1 + 60) (1 + &p) = (2 + 6q)]
+ Oy [(1 + 8w) (2 + o)) - (2 + ow)

+ Cpy Kl + o) (1 +op) |+ CDIn:D(l + bp) + Oy, O
+ CDITD(l + GM) - E(CL2 - CLl)

- pep(Cr, - cLl) - AepCr, (20)

From the test of the model on the normal support
(fig. 4(c)),

_ Dy(1 + 8y . Dy(1 + oy) . Iy )

) Sq 5q Sq

Cp (e + deg)Cry  (2D)
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If the dummy supports are exact images of the

normal support (as they should be) or, better yet, if
the normal supports lnstead of dummies have been used,

>~ all terms with 'subsScript N will be equal to the _
corresponding terms with subsceript D. The model coef-
ficlent corrected for the tare drag 1s ch - ACDD; then

cD=cDM[(1+5D)-(1+5T)(1+5D)+(1+5T)]

or

+ cDT[(l + 8y) - (1 + 8p)(1 + an]

+ CDD[-(l + OM)-(l + GM)(I + GT)] - CDIMDOT

+ As..I.(cL2 - cLl) - L\eD(cL5 - cLE‘)

Cp. = AC
Dz Dp

= CDM(I - 8pbp) - CDT(l + by)6p - CDD(l + By)8p

- CDIM:DGT - GDIMTGD - CDITD(l + bM)

~ €Cy, + AepACy, + A€pACy, (22)

[ P S —
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If the tare determinatlons are made with the model
mounted inverted, 1t l1s assumed that the tare supports
are In the same position in the tunnel for these tests
as for the erect-model tests with the dummy supports on
the opposite surface of the model. (See fig. 5.) The
slgns of some of the terms are reversed for the tare
tests with the model lnverted. In thls case also, the
1lift tare 1s ACLN CLl CL2 Instead of CL2 CLl

as for the tare tests with the model erect. In the
final 11ft equation all terms that arlse because of the
presence of the tare support have the opposite sign
from that indicated in equation (22). For the drag
equatlion, the signs of some of the allnement-angle terms
are 80 revereced in the derlivation that the equation will
be

Cp = Op, = ACpy

Cpy(1 - 878p) - Cpp(L + By)bp = Opy(1 + By)dy
- CDI 6p - CDI 6p - CDI (1 + 5M)
D MT TD
- €Cp - 2:ACLN + AcDACLT + AcTACLD (23)

In equations (22) and (23) the quantlties desired
are Cyp = GLM and Cp = CDM - €Cr,. The €Cy, term 1s

the alinement-angle correction term. The rest of the
terms 1in the equatione are quantltles that must be deter-
mined in another menner or must be reduced to a negll=-
glble amount 1n order that thelr effect may be neglected.

The allnement-angle corrections to 1ift have
already been shown to be negligible, 1Inr all the equa-
tlons for 11ft tares, the allnement-angle terms may
therefore be neglected. From an examination of the equaa
tions it can also be seen that if the tare tests (sub-
scripta 1 and 2) are reduced to coefficlent form by the
use of a dynamlc pressure equal to q(l + 5T) obtalned

" [ | [
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from an alr-flow survey with the tare supports in place,
‘all terms multiplied by O&p ' 1n the final.equation will

be eliminrated. The factor 1 + Op will affect some of
the other terms ln the equatlion and the equation becomes

Ch = C °p 1+ 8y)Cpn + C 1 O\
D™ "Dy " \1+8q Lz M)%Dg DIMT] " \I1+6q/) P1pp

- €Oy, + AepACp + AepACr,, (24)

with the same changes as previously noted for the tare
tests of the inverted model. The factors &p and ©&p

wlll be of the order of 0.03 to 0.05 and all undesirable
terms now remalning in the equation are second-order
effects except the CDITD term, which 1s small if the

tare and dummy supports are falrly far apart. Usually,
these terms are neglected but 1f greater accuracy 1is
required an estimate of thelr magnitude may be worth
while. The quantity ZEACLN eppearing in the equation

for the tare tests with the model inverted may be
accounted for by subtracting from the tare drag a
quantlty equal to the tare 11ft tlmes twlce the clear-
tunnel alinement angle. The quantity 1+ 6,\Cn +C
( M)CDy Dlyp
can be meesured by mounting the model by means of some
other system, such as wires or cables, in the usual
posltion with relatlon to the tare supports but not
connected to them. Measurement of the forces on the
tare supports wlll In this case Include the interference
of the model on the supports. The maln part of the
interference of the supports on the model 1s included
in the terms 1 + 6p and Aep appearing in the equa-

tions. If thie method 1a not avallable, the quantity
(1 + GM)CDT + CDI may be approximated. Measurement
i MT

of the forces on the tare support alone with the part of
the support to be enclosed 1n the model well faired will
give Cpp. The factor 6y can be estimated from

pressure-distribution curves Tfor the region where the
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supports are attached to the model. The gquantity CDIMT
1s more difficult to estimsate.

The factor &p may be found quite easily by a com-

parison of the dynamlc-pressure surveys made for the
clear tunnel and the svpports-in-place condition. The
quantities AeTAGLD and AEDACLT along with the inter-

ference factor CDITD are mutual interference effects

between the two sets of supports that must be determined
or eliminated. In mort cases, the errors ceused by
neglecting the Interference effects will be within the
accuracy of measurement. For example, when a value of
tare 1ift equal to 0.02 (fig. 1) 1s ured, a change of
alinement angle of 0.3° at the wing 1lifting line would
cause the increment of drag coefficient from the
AcTACT term in the preceding equations to be approxl-
D .

mately 0.COCl. The AeDAGLT term should be of the

same order of magnitude. An examlination of the avallable
alr-flow surveys Indicates that the main change ceused
by the support struts 1s a curvature of the alr flow
over the supports with llttle change iIn the average

angle acroses the wing span - that 1s, the average change
In alirement angle 1s probably much less than 0.3°,

The equipment and methods used iIn making the tare
tests should be deslagned to ellminate or minimize the
Interference betwesn the two sets ol supports. The
Interference eflfects may be minimized by using tare and
dummy supnorts that are located as far as posslible from
each other on the model. Vhen the two sets of supports
are located on opposite surfaces of the airfoll at the
same spanwlise statlon, it can be shown that the induced-
drag part of the tares may occur as a double error in
the results rather than dissppearing as mlglkt he expected.
It should also be remembered that the quantitiles
L\CTACLD and AEDACLT actually represent a spanwise

Integration of the values at each section. The maln part
of the changes 1n allnement angle A€p and A€¢p willl

occur in the vicinlty of the tare and dummy supports,
respectively. Tre farther apart the two sets of supports
are located the smaller are the terms AeTACLD and

AeDACIT. Several posglible ways of mounting two rets of
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supports to reduce the mutual interference effects are
shown 1n figure 6.

From aerodynamic considerations, & wire sugport
system (fig. 6) satisfies rather well most of the
requirements for a good tare-support system. Wire
supports cause little change 1in alr-flow angularlity and
little change 1n Gynamic pressure. Several obJectlons
to a wire support system are evident: Not all tunnel-
balance fremss are so constructed that the wire system
maey be used; the wires must be preloaded the same for
both tare tests in order to elimlnate changes 1n wire
drag dus to chenges 1n wire tension; the larfe drag of
the wires decrecases the accuracy of determin the tare
drag- and the lnstallatlion of a model with a wlire balance
is difficult. In addition, the wire support system willl
probably have a low critical speed and cannot be used
when high Mack numbers are requlred. The support system
shown 1n the center of figure 6 wlll probably also be
unsatisfaztory from a comgressibility standpoint. It has
been found that the wing-tlp supports must be deslgned to
avold appreclable 11ft tares; that 1ls, the cross section
must be circular or some similar shape. The critical
speed of such a =strat would then be low. If the two sets
of supports are placed at a dlstance from each other, 1t
can be assumed that, for all practical purposes, thelr
mutual Interference effects wlll be negligible. For tare
determinatlions of complete models mounted on a single
strut at the fuselage or for stabllity and control tests
in which the absolute drag 1s not of prime importance,
the method of mounting the model inverted on the normal
support for tare tests 1s satlsfectory. An addlitional
goint with re%ard to tere tests is the lmportant effect

hat may result from ary open slots on the suctlon side
of the wing at the point of attachment of the tare
supports. Experlence has shown that any such slots
should be sealed and falred smooth.

If the tare and dumm sufports must be placed close
together as in figure 3, the interference terms AeTACLD,

AeDACLT, and CDITD may be determined by the use of a

third set of supports in conjJunctlion with the usual tare
and dummy supports. If this procedure 1ls followed,
results from three 1instead of two tests wlll be avallable
for determining tares l1n order that the interference
effects may be found. The use of thls procedure would
probably not be Justified, however, unless the tares are
very large or unless the Interference effects are
expected to be appreclable.

Tares for correctlon method B.- For correctlon
method B, the origlnal alr-flow survey 1s made with the
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normal support In place and includes the effect of the
supports on q an €. The tares should therefore

not include any changes In q and € caused by the
supports. The tares 1ln this case are then defined as
the dlrect alr forces on the supports plus the inter-
ference of the model on the supports plus any local
effects of the surports on the model not included in
the air-flow survey, such as transitlion changes or
separation effects on alrfoils at the polnt of attach-
ment of the suppert to the model.

The direct alr forces on the supports and the inter-
ference 6f the model on the supports can be measured by
mounting the model independently of the balance by means
of cables and measuring the forces on the balance. In
order to measure the effects of the supports on transi-
tion and separation changes on the alrfoll, it i1 neces-
sary to have a set of dummy supports. The model 1is
placed on the tare supports or normal supports and the
dummies are placed close to, but not in contact with,
the model. The difference between this test and one
wlthout the dummies glves the Interference effect of
the dummies. An example of thls procedure 1n use 1in
the Langley full-scale tunnel 1s shown in reference 19.

The foregolng procedure 1s subject to several
Inaccuracies. Any dummy supports placed near the model
cause changes In q and ¢ over the model. The effect
of these changes willl then be included in the taress
The tunnel surveys for the correction method B, however,
already include the effect of the supports on q and ¢,
Part of the effects of the supvorts l1s thus apparently
accounted for twice. The errors caused by thls condi=-
tion may be minimized by reproduclng In the dummies
only that part of the supports near the model.

In the correction method B the dynamlc pressure
ottained from the alr-flow survey with the normal supports
In place 1s used for computing the coefflclents for all
tests. By means of equations similar to equations (18)
to (24) it can be shown that in method B the serror in
determining the tares wlll be ©0p tlmes the total forces
rather than 6y times the forces on the tare support as
for the correction method A, In order to correct for
this factor, 1t would be necessary to have a clear-tunnel
alr-flow survey to determine ©6p. On the whole, 1t

appears that the correction metnod B wlll seldom be as
eccurate as method A and should be used only when 1t 1s
the only reasonable procedure avellable.
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Wake shadow.- As stated previously, the wake :
shadow may causé changes- 1n .total head, . static=-pressure  _.
gradient, dynamic pressure, allinement angle, and turbu=-
lence. The exlstence of a wake shadow may be determined
qulte easlly from total-pressure surveys made at some
section of the tunnel ahead of the model and compared
with total-pressure surveys at the same section with no
model in the tunnel. The survey should be made over the
entire tunnel section at the survey plane, especially
near the static orifices in case the wake 1ls deflected
from the center of the tunnel.

Tt would seem that no exact solution of the prob-
lems of wake shadow 1s possible. One method of esti-
mating the value of q when wake-shadow blockling 1is
present 1s that used at the Langley full-scale tunnel.
Thls tunnel 1s of the open-throat type and 1t has been
found that the statlic pressure at the model position
with only the support struts in the twnnel 1s equal to
the pressure in the test chamber. For any particular
model the total pressure over a plane somewhat ahead
of the model and the static pressure in the test
chamber are measured. The average value of q may
then be found from an integration across the model span

b/2
Q=5 52 ay

-b/2

Thls method does not appear to be readily or accurately
epplicable to closed-throat tunnels.

As previously suggested, no satlsfactory experi-
mental technique has yet been developed for measuring
all the effects of a weke shadow., If difficulties
resulting from wake shadow are found to exist in a
wind tunnel, the best procedure would probably be to
modify the tunnel by adding screens or diffuser vanes
in such a way that the wake shadow would be eliminated.

Wake Survey Tests
The preceding discusslon has been concerned with

corrections to the results of tests in which the aero-
dynamic forces and moments are measured by means of
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the balance system »n which the model is mounted. In
order to determine the variastion of the profile drag
along the wing span, wake survey tests are often made,
These surveys have also been used to determlne the com-
bined drag tares and buoyancy corrections for some
models (reference 20). This method of testing requires
conslderaebly more time than force tests but 1s the

only way of determining the varlatlion of profile drag
across the wing span.

For the wake surveys, the effect of the supports is
accounted for by computing coefficients by use of s
dynamic pressure determired for the alr-flow surveys made
with the supports in the tunnel, The actual q at each
point along the =span rather than the average value of gq
must be used for determining the local profile-drag coef-
ficlents. Of course, ccrrections for compressibility,
wake shadow, dlsplacement blocking, and so forth, must
be made as for the force tests, but Jet-boundary and
alinement-angle correctlons to the drag are unnecessary.
Jet=-boundary and allnement-angle corrections are applied
to the angle of attack.

The total profile-drag coefflcient 1s obtained by
a summation of the sectlon profile drag measured along
the span.

fcdocq dy

o, = 25
Do feq dy (25)

Meesurements made at or near the supports will
include the proflle drag of the supports. The drag of
the supports 1s eliminated by plotting the values of
cg,cd across the span and fairing a smooth curve

through the peints, the values measured near the supports
being lgnored. The integration indicated in equation (25)
i3 then performed for the faired curve.

It 1s suggested that wake-survey measurements may
be vsed to check the accuracy of the over-all correc-
tions to the drag - that 1s, force tests are made with
all necessary correctlons appllied. The induced drag
i1s then accurately calculated and =ubtracted from
these results to give the proflle cdrag. If the
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corrections applied are accurate, this profile drag
should check that determined from wake surveys across
the entlre wing. - This- procedure- .would also. be expected
to be most reliable at low.lift coefficlents because

i1t depends upon the accurate calculation of the 1lnduced
drag. At high 11ft coefficlents, an additional source
of lnaccuracy 1s the difficulty of making proflle-drag
measurements in the reglon of the airfoll tip.

EXAMPLES OF CURRENT PRACTICE

Langley 19-foot pressure tunnel.~ The callbration
and correction procedure used in the Langley 19-foot
pressure tunnel follows closely the procedure outlined
as correctlon method A. Tare tests are made with the
model mounted lnverted, the normal supports used as
tare supports, and a get of exact-lmage dummy supports
mounted on the oppoeslte slde of the model.

Inasmuch as the statlic-pressure gradlent at the
position of the model ls essentlially zero, no buoyancy
correctlons are necessary. Total=pressure surveys
ahead of a typlcal model falled to disclose any evidence
of a wake shadow. The empirical formula gilven previously

1+ 3%7 1s used to correct the dynamic pressure for
displacement blocking.

The tunnel-wall-interference correctlons are applled
as the first correctlons after the data are reduced to
coefficient form and before any other corrections are
applled. Thls procedure l1ls used for all test runs,
Including tare tests.

lLangley 7- by 10-foot tunnel.- In the Langley 7- by
10-foot tunnel, correctlon method A 1s used and the
order of applylng the corrections 1s the same as that
given 1n the discussion. Thls tunnel 1s a low-speed
high-turbulence tunnel used chiefly for stabllity and
control tests; therefore, most of the refinements
suggested in the preceding discussion, particularly for
preclse drag determinations, are unnecessary.

Models in this tunnel are mounted on a single sup-
port strut, which 1s sealed as it passes through the
bottom of the tunnel. Tares are determined by mountlng
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the model Iinverted on thls normal support strut and
using a dummy strut that is an image of the lower
strut. It 1s unnecessary to convert the tares to
coefficlent form before thelr applicatlon to the model
data because a constant predetermlned dynamlc pressure
can be maintalned. Tare moments must, however, be
transferred through the modsl before they are applled.

Alinement-angle tests are not run for each model
but are run with two standard wings of dlfferent spans
and checked occaslonally. Because the varlatlon iIn e
acroses the tunnel 1s not enough to show any difference
for the two standard wings, the welghtling procedure
for different wing 8lan forms 1s not necessary. Changes
of the order of 0.2 in the allnement angle have been
noted over a period of several years. The necessity of
perliodic check teete 1s thus 1ndlcated. The accuracy
of the drag balance makes posslible the determination of
the allinement angle to within about O. 05°. The impor-
tance of exactly reproducing the tunnel leakage condl-
tions for alinement-angle and tare tests was demonstrated
in the Langley 7- by 1lO0-foot tunnel when alinement-angle
testes were run after a new streamline falring had been
added to the support strut. Tests made with the lower

end of the strut having about a 5-1nch annular gap but

with the dummy sealed showed an alinement angle of
0.1°. When the gap was completely sealed, the alinement
angle was changed to -0.1°.

In the reglion occupled by the model the static-
pressure gradient 1es substantlally zero and no bucyancy
correctlon 1= necessary.

Because relatively large models are often tested
In such tunnels, & rather extensive lnvestigation of the
tunnel-wall interference has been conducted for 7- by
10-foot tunnels. The numerlical results for tunnels of
thls size as well as general methods applicable to all
tunnels will be found in references 8, 9, and 10.

Langley full-scale tunnel.- The large slze and the
open Throat oI ihe Langley full-scale tunnel have made the
installation of exact-image dummy supports difficult.

For this tunnel, therefore, correction method B 1s used.
All teste are computed from alr-flow surveys made with
the support struts 1n place. The alinement angle used
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in correcting the date 1s that obtalned from the yaw-
head surveys with supports in place.
Several methods are uaed for determining tares.

One method used is that .descrlbed previously for )
correctlon method B, in which the tares are determined
in two parts (reference 19). Another method used fre-
quently at present for measuring drag tares is the
wake-survey method. The normal support struts in thils
tunnel are usually attached to the under surface of the
wing. Wake-survey measurements of the profile drag are
made at a number of spanwlse stations and very small
intervals are used near the support-strut location. A
smooth curve 1s obtalned for the variatlion of profile
drag along the wing at some dlstance from the support.
As the support 1s approached, the drag rises considerably.
It 1s assumed that the wing profile dreg will show a
uniform variatlon; therefore, a curve 1s arbitrarily
falred, and those points near the support are neglected.
The integrated difference between this curve and that
drawn through the measured values of proflile drag gives
the tare.

It 1s in the Langley full-scale tunnel that the
problems of the weke shadow have probably been 1Investi-
gated most extensively. The exlstence of the wake shadow
was dlscovered during tests to check some calculated Jet-
boundary corrections (reference 4). Its effects wers
investigated on 2 full-rlze alrplene by measuring the
dynamic pressure and statlc pressure at several points
near the alrplane in flight and then in the tunnel. A
comparieon of the results showed a decrease of about
6 percent 1n the average dynamic pressure around the
alrplane when placed ln the tunnel. In additilon, the
static-pressure gradlent was altered in such a way as
to cause an Increase in drag of about 5 percent of the
minimum drag when the airplane was placed in the tunnel.
These flgures were obtalned for a blplane that was
rether unclean aerodynamically. For alrplanes of modern
design the effects of wake blocking are considerably
smaller. For plain alrfolls, for which no flight tests
were avallable, it was necessary to make a theoretical
eatimate of the undisturbed fleld around the airfoil.
The effects of the airfoll fleld of flow were then sub-
tracted from the measured total pressure, dynamic
pressure, and static pressure at a polnt ahead of the
airfoil to obtaln the corrected values.
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The correction for wake blocking 1s now obtained by
measuring the total pressure ahead of a model and the
static presesure In the test chamber, which l1ls equal to
the statlc pressure at the model position, and applying
Bernoulli's theorem to obtain the free-stream dynamlc
pressure.

Buoyancy corrections are not necessary for plain-
wing models mounted in the usual posltion. If the
model to be tested has a fuselage, however, buoyency
correctlons are requlred.

Measurements have cshown that the effect of the
exlt cone of thls tunnel on the alr flow behind a model
1s of approximately the same magnltude as and of
opposite slgn from that due to jet-boundary lnterference.
The pltching-moment corrections that are required to
account for the Jet-boundary interference are thus
usually negligible.

COKCLUDING REMARKS

Detalled methods have been preserted for determining,
to a high degree of accuracy, the correctlons to wind-
tunnel teste of three-dimensional models for the effects
of the model-support system, the nonuniform ailr flow in
the tunnel, and the tunnel walls or jet boundariles. It
eshould be remembered, however, that the most rellahle
results are generally obtained in that conditlion for
which the required correctlions are the smallest. If,
during the alr-flow surveys and alinement-angle tests,
any marked Iirregularity 1s evident in the alr stream,
the best procedure would probably be to modify the wind
tunnel to eliminate the necesslty of large correctlons
to the measured data. Screens and deflector vanes
properly located can be used to adjust the air-flow
condltions to obtain more uniform flow or to eliminate
any serlious effects of wake shacdow. Seallng the support
struts and falrings and any other openings in the tunnel
will help to eliminate some of the uncertalnty in deter-
mining tare, allnement-angle, and static-pressure-
gradilent correctlions. Careful design of the support
struts and thelr means of attachment to the model will
minimize the tare correctlons.
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The accuracy tq which the correctlions must be deter-

.mined and the, time_ to be spent in callbrating the tunnel

must ultimately be decided by the tunnel éperdtor from
considerations of the purpose for which the tests are
being conducted, the precision required in the final

results, and the time avallable for determining and
applying the corrections.

Langley Memorial Aeronautical Laboratory
Natlonal Advisory Committee for Aeronautics
Langley Fleld, Va.
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TABLE I.= SOURCES FOR NUMERICAL VALUES OF JET-BOUNDARY CORRECTIONS OR CORRECTION FACTORS

Reference
Correctlions Rectangular tunnel Circular tunnel Elliptic tunnel -
Open Closed Open Closed Open Closed
Average across wing " 7 and %8 2 and 7 2 and 7 7 and b11 7 and P11
Angle of E
attack Weighted according to chord ¢10 .
Average across wing v 7 and 38 2 and 7 2 and 7 7 ana P11 | 7,%11, and 412
Induced
drag Weighted according to span ey
load distribution 0
Rolling moment 89 and %10
Yawing moment 89 and ®10 13
r f,gn 8
Pitching moment, downwash angles, and wake r 182,1,87 8g b b
loeation ! ’ 28y ag ;nd cio 1 11 11 11
it %8 and 10
Streamline [ c
curvature Pitching moment 8 and ~10
Hinge moment ¢10 1
STunnel width, 10 ft; tunnel height, 7 ft. NATIONAL  ADVISORY :

brynnel width-to-helght ratfo, v2:1.

CTunnel width, 20 ft; tunnel height, 7 ft.

AdTunnel width-to-height ratio, 1.366:1.

®Tunnel width, 10 ft; tunnel height, 7 ft for refloction-plane models.

TTunnel width-to-height ratio, 1:1,

€Tunnel width-to-height ratio, 2:1.
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Figure 3.- Exact-image support system for alinement-angle tests.




(a) Mode! on tare support. . (b) Modél on tare support with dummy (<) Model on normal supports.

supports in place .
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Fiqure 4.- Test setups for tare tests run with model in the erect positlon..g
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(a) Model on tare supports. (b) Mode! on tare supports withdummy  (c)Model on normal supports.
' supports in place.
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Figure 5.- Test setups for tare tests run with model In the inverted position.
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Frgure 6.-
/g . O?;;?\?/era/ arrangements of fare mounting sugports and
o V7Y SURpOrSs for miinimiZing interferenc fre o
elweer Suppor’s. i
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